of genes involved in antimicrobial and wound-healing functions plays a role in protecting the epithelium from damage. 7 Mucosal barrier dysfunction is observed in inflammatory bowel diseases (IBDs), and different knockout mouse models of colitis have shown that mucus was more penetrable to fluorescent beads and bacteria than their healthy counterparts. 3, [8] [9] [10] The reasons for these changes in mucus permeability are not fully understood, but may result from the structural changes in the glycoprotein core and/or the sulphation and sialylation of mucins oligosaccharide residues, as reported in patients with IBD. 11 Excessive and/or altered bacterial contact with the epithelium is known to trigger production of inflammatory cytokines, which increase epithelial permeability, 12 leading to an influx of bacteria and their products across the epithelium, thereby perpetuating the inflammatory response. In human IBD, clinical pathology is associated with the altered transcription of 32 common genes. 13 Many of which are also differentially expressed in mouse models of colitis. 13 Mucosal inflammation may be a key driver for the abnormal composition and decreased diversity and richness of the microbiota that are common features in patients with IBD and mouse models of colitis. [14] [15] [16] Many studies on the microbiota of patients with IBD have shown that there is a lower proportion of Firmicutes, an increase in Gammaproteobacteria including the Enterobacteriaceae, and an overall decrease in microbiota diversity. Reduced complexity of the phylum Firmicutes is a signature of faecal microbiota of patients with Crohn's Disease with many studies describing decreased abundance of Faecalibacterium prausnitzii. 17 Decreased relative abundance of members of the families Lachnospiraceae and Ruminococcaceae has been described in some studies, an exception being Ruminococcus gnavus, which increases in abundance. 18 Escherichia coli pathobionts exhibiting pathogen-like behaviors such as adhesion and invasiveness are more frequently cultured from patients with IBD 19 because of their selective growth advantage in inflammatory conditions. [20] [21] [22] [23] Functional tests of the ability of specific microbes to induce colitis in genetically susceptible mice has led to the identification of other pathobionts including members of the Bacteroides, with the 2 most potent disease inducing isolates belonging to the species Bacteroides thetaiotaomicron and Bacteroides vulgatus. 24, 25 The studies performed in non-germ-free mice with genetic defects relevant to IBD pathways suggest that Bacteroides species may have colitogenic effects in at least a subset of patients with IBD. 25 However, changes in the abundance of species belonging to the Bacteroidetes are not consistently reported in patients with IBD. 14, [26] [27] [28] [29] A detailed understanding of the temporal changes in microbiota outlined above and their relationship to intestinal gene expression before and during the development of colitis is currently lacking. Such knowledge might provide new insights into the dynamics of the interplay between the host and microbiota in IBD and have implications for future therapies, for example by manipulation of the microbiota. However, prospective studies requiring repeated biopsy sampling are difficult to perform in humans and the data will be complex to statistically analyze and interpret because of genetic diversity and variability in environmental exposures of the subjects. To address these problems, we took advantage of the Muc2 2/2 mouse FIGURE 1. A, Representative pictures of hematoxylin and eosin staining of the proximal colon of 8-week-old WT, Muc2 +/2 (HZ), and Muc2 2/2 mice (KO). B, Representative pictures of Muc2-specific immune-histochemical staining and PAS/Alcian blue staining of the proximal colon of WT, Muc2 +/2 , and Muc2 2/2 mice at 8 weeks of age. C, Relative Muc2 expression determined by quantitative polymerase chain reaction in samples of the proximal colon at 8 weeks of age (**P , 0.01). experimental model of colitis, which provides an opportunity to identify microbiota changes and host gene expression before and after the onset of colitis. Although Muc2 +/2 mice do not develop colitis, we hypothesized that there would be decreased mucus production and a mild mucus barrier dysfunction, which might lead to altered microbiota-host interactions.
MATERIALS AND METHODS

Animals
Muc2 2/2 mice with a 129SV background were bred as previously described. 30 Mice were generated from interbreeding Muc2 +/2 mice and genotyped. 30 Mice were housed in a specific pathogen-free environment with ad libitum access to AIN93 diet (Special Diets Services, Witham, Essex, England), and acidified tap water in a 12-hours light/dark cycle. The Erasmus MC Animal Ethics Committee (Rotterdam, the Netherlands) approved the animal experiments.
Experimental Set Up
Groups of wild type (WT), Muc2 +/2 , and Muc2 2/2 (n ¼ 5 for each age and genotype) littermates were housed together with their respective birth mothers until weaning at 21 days, and were sacrificed at 14, 28, and 56 days postnatal. Proximal colons were excised and fixed in 4% (w/v) paraformaldehyde in phosphate-buffered saline (PBS), stored in RNAlater (Qiagen, Venlo, the Netherlands) at 2208C, or frozen in liquid nitrogen and stored at 2808C. In addition, colonic tissue was collected, fixed in 4% paraformaldehyde in PBS or Carnoy's fixative, and embedded in paraffin.
Histology
Paraffin sections (5 mm) of proximal colon were attached to poly-L-lysine-coated glass slides (Thermo Fisher Scientific, Dreieich, Germany). After overnight incubation at 378C, slides were dewaxed and hydrated stepwise using 100% xylene followed by several solutions of distilled water containing decreasing amounts of ethanol. Sections were stained with hematoxylin and eosin or Periodic Acid-Schiff (PAS)/Alcian blue. 31 
Immunohistochemistry
Cell proliferation marker Ki67 was detected by incubating the sections with anti-Ki67 antibody (Abcam, Cambridge, 
Detection of Bacteria Using Fluorescence In Situ Hybridization
Paraffin sections were deparaffinized with xylene and hybridized with a general bacterial probe, EUB338 conjugated to Alexa 488 as described previously. 7 Nuclei were stained with 
Transcriptome Analysis
Total RNA was extracted from the colon as described in supplementary methods (see Supplemental Digital Content 1, http:// links.lww.com/IBD/B187) and hybridized to the Mouse Gene 1.1 ST array (Affymetrix, Santa Clara, CA). The labelling and hybridization methods, quality control procedures on RNA, and data sets generated were performed as described in supplementary methods (see Supplemental Digital Content 1, http://links.lww.com/IBD/B187).
Microbiota Profiling and Multivariate Integration and Correlation Analysis
Microbiota composition was determined using the Mouse Intestinal Tract Chip (MITChip) as previously described, 32 and analyzed as described in supplementary methods (see Supplemental Digital Content 1, http://links.lww.com/IBD/B187). To get insight into the interactions between changes in gene expression and microbiota composition, the data sets per time point were combined using the linear multivariate method partial least squares, 33 as described by Lange et al. 34 By this integration, the different genotypes in the study are not taken into account but the 2 data sets were integrated per individual mouse. For 14 mice, both gene expression and microbiota composition data were available at 2 weeks. Both data sets were log2 transformed before analysis and the canonical correlation framework of partial least squares was used. 35 The correlation matrices were visualized in clustered image maps. 36 Analyses were performed in R using the library mixOmics. 37 
RESULTS
Muc2 +/2 Mice Have Altered Mucus Properties Compared with WT Mice, but Do Not Develop Histopathological Features of Colitis
Alcian blue staining was used to identify acidic carbohydrates and PAS for neutral carbohydrates, both of which occur on the Muc2 glycoprotein. PAS-positive and combined PASAlcian blue-positive goblet cells were observed in the colon of WT and Muc2 +/2 mice. In contrast, goblet cells in Muc2 2/2 mice only stained slightly positive for PAS (Fig. 1B) . Moreover, these PAS-positive cells did not stain positive for Muc2 and lacked the swollen morphology typical of goblet cells. As expected, a secreted mucus layer was absent Muc2 2/2 mice (not shown).
Muc2 +/2 mice had fewer Muc2-positive goblet cells than WT mice (Fig. 1B) . The relative amount of Muc2 transcript was not significantly different between WT and Muc2 +/2 because of large biological variation (Fig. 1C) . Nevertheless, the mucus was significantly thinner in Muc2 +/2 compared with WT mice, supporting the hypothesis that this genotype produces less mucus (Fig. 2) .
From 4 weeks of age, colitis was observed in the proximal colon of Muc2 2/2 mice coinciding with altered crypt architecture, increased crypt length, and mild infiltration of lymphocytes in the lamina propria (Fig. 1A) . In Muc2 2/2 , there were increased numbers of proliferative enterocytes (Ki67-positive), and capase-3-positive apoptotic cells present within the crypt epithelium, compared with WT colon tissue (Fig. 3) . In contrast, no distinct morphological differences were observed between WT and Muc2 +/2 at 2, 4, and 8 weeks (Fig. 1A) .
In WT mice, we observed a clear spatial separation of the microbiota and the epithelium (Fig. 4A) . At many locations in the colon of Muc2 2/2 mice, the microbiota was observed in direct contact with epithelial surfaces and deep in the crypts, which was never observed in the WT (Fig. 4C ). Bacteria were also occasionally seen in direct contact with epithelium of Muc2 +/2 mice (Fig. 4B) , presumably due to the thinner colonic mucus layer (Fig. 2) .
Weaning Leads to a Transient Peak in the Number Differentially Induced or Repressed Gene Transcripts in Both Muc2 2/2 and Muc2 +/2 Mice At all ages, both the Muc2 2/2 and Muc2 +/2 mice showed altered gene expression in the colon, compared with WT ( Fig. 5) . At week 4, there were substantially larger numbers of differentially induced or repressed gene transcripts in the colon of Muc2 2/2 and Muc2 +/2 mice than at week 2 or 8 (Fig. 5) . Many differentially expressed genes in Muc2 2/2 and Muc2 +/2 mice were associated with induction of immune pathways and epithelial remodelling (see below and Fig. 6 ). At week 4, histopathological signs of colitis were evident in the Muc2 2/2 mice and inflammatory pathway responses persisted to the end of the experiment (week 8). However, in Muc2 +/2 mice, some differentially expressed genes encoding cytokines, chemokines, and cytokine receptors induced at week 4 were not altered at week 8 compared with WT mice. To gain insight into the pathways affected in Muc2 2/2 and Muc2 +/2 mice, a gene set enrichment analysis 38 was performed, comparing changes in gene expression in Muc2 +/2 and Muc2 2/2 mice to WT at the intervals from week 2 to 4 and week 4 to 8. From week 2 to week 4, comparing Muc2 2/2 with WT mice, the major cellular pathways differentially induced involve innate signalling, B-cell and T-cell activity, antigen processing, antiviral response, and IgA production; compatible with immune activation and inflammatory responses in the colonic mucosa. The strong induction of pathways involved in cell cycle and mitosis most likely indicate increased immune and/or epithelial cell proliferation and/or turnover (Fig. 6A, B) . Several nodes in the gene networks for neurotransmitter and G protein-coupled receptor activity were downregulated at week 4 in colon of Muc2 2/2 mice (Fig. 6A) . At week 8, similar gene sets were increased in the colon of Muc2 2/2 mice as in week 4, with the addition of induced expression of genes linked to chemotaxis of granulocytes, IL-12 signalling, and glutathione metabolism (redox homeostasis) (Fig.  6) . Seven of the 32 IBD-related genes significantly altered in expression in human IBD 13 were differentially expressed in the colon of Muc2 2/2 mice at week 2 compared with WT mice (Table 1) 
Relative expression of the IL-22 receptor (IL22ra1) was increased at week 4 and week 8 compared with week 2, whereas, IL22ra2, FIGURE 7 . Heat maps of immunity related genes differentially expressed in proximal colon, using genes differentially expressed in Muc2 2/2 versus WT, or Muc2 +/2 versus WT mice with week 8 as a reference. In red, genes are represented, which are upregulated and in blue the genes that are downregulated. The intensity of the color is related to the level of expression.
the soluble antagonist of IL22ra1, was significantly downregulated at these times. The most strongly downregulated gene at week 4 and 8 was Abcb1a, a gene expressing an epithelial cell surface-located transporter that is proposed to export toxins from the mucosa into the lumen.
Interestingly, 7 other of these IBD-related genes such as Ltb, IL22ra2, Ccl5, Ccl20, Mmp7, Timp1, and Reg3g were already altered before the onset of histopathology. These genes are related to mucosal healing and defenses and chemotactic responses. A heat map was generated for immunity genes including those that encode pattern recognition receptors, cytokines, antimicrobial (poly)peptides, components of the NF-kB pathway, T-cell markers (CD3e) and T-helper (CD4), Tregs (Foxp3), and Th17 (RORgamma t) subsets that were differentially expressed in the proximal colon of Muc2 2/2 versus WT mice at weeks 2, 4, and 8 ( Fig. 7) . In Muc2 2/2 mice, transcription of several TLR genes was upregulated (Tlr4, TlR7, Tlr8, Tlr9, Tlr12, and Tlr13), whereas Tlr2 and Tlr5, which were strongly repressed at weeks 4 and 8. The genes encoding antimicrobial stress proteins Reg3b and Reg3g were strongly upregulated, but the beta-defensin (Defb) 37 encoding gene was downregulated. The upregulated Tnf-a, Cd3e, Cd4, and Cd8 suggest an increased infiltration and/or activity of T cells. At 2 weeks, even before histological signs of colitis were apparent, many immune-related genes were upregulated in the colon. This included inflammatory cytokines, T-cell markers, innate defense factors and regulators of inflammatory processes such as inhibitor of NF-kB epsilon and soluble antagonist of IL-22 receptor signalling.
The Transcriptome of Muc2 +/2 Mice Reveals a Homeostatic Response to Decreased Mucus Production
A large number of differentially expressed genes are identical in Muc2 +/2 and Muc2 2/2 mice when compared with WT at each age, suggesting that these changes are brought about by similar mechanisms in both genotypes. For example, of the genes differentially regulated at week 2, 19 were upregulated and 36 downregulated in both Muc2 +/2 and Muc2 2/2 mice (data not shown). Gene set enrichment analysis of the networks affected in the proximal colon of Muc2 +/2 revealed that DNA repair, energy metabolism, and cell-cycle pathways were strongly upregulated at weeks 2, 4, and 8 (Fig. 6C, D) . Expression of these pathways was also altered in Muc2 2/2 mice compared with WT, although the magnitude of the changes was greater than in Muc2 +/2 mice. Even though Muc2 +/2 mice do not develop colitis, IBD-related genes IL22ra2 and Mmp3 were differentially expressed in Muc2 +/ 2 mice compared with WT at week 2; this increased to 5 genes (IL22ra2, Ccl3, Ccl7, Timp1, and Reg3g) at week 4, and 3 genes (Ltb, Mmp3, and Mmp7) at week 8 ( Table 1) . Genes upregulated in both Muc2 2/2 and Muc2 +/2 mice at either weeks 4 or 8 encode cytokines (Ccl3, Ccl22), antimicrobial protein (Reg3g), or tissueremodeling enzymes (Mmp3, Mmp7, and Timp1), and lymphotoxin B. These genes are involved in remodeling of the extracellular matrix, mucosal healing, and innate defense including chemotactic functions.
Muc2 Deficiency Affects Colon Microbiota Composition, Diversity, and Richness in Early Life
16S ribosomal RNA (rRNA) gene-derived microbiota profiles were obtained from faeces of 2-, 4-, and 8-week-old WT, Muc2 +/2 , and Muc2 2/2 mice. At 2 weeks, the faecal content of Muc2 2/2 mice displayed a significantly higher microbial diversity than WT and Muc2 +/2 mice (P , 0.05) because of increased richness of the profiles as measured at the probe level (Fig. 8A,  B) . Furthermore, redundancy analysis (RDA) established that at weeks 2, 4, and 8 the microbiota composition could be discriminated on basis of the host's genotype (Fig. 9A-C) . The differences in colonic microbiota composition of Muc2 2/2 mice and the other groups of mice were largest at week 2 and decreased over time (Fig. 9C) . The WT mice are characterized by higher relative abundances of members of the Clostridium clusters IV and XIVa compared with the Muc2 2/2 mice at each time point. Bifidobacterium, a well-known early life microbe in humans, had also higher relative abundances in the WT relative to the Muc2 2/2 mice at weeks 2 and 4, but not at 8 weeks. Remarkably, the microbiota composition of Muc2 +/2 mice displays an intermediate situation between the WT and Muc2 2/2 mice at all time points (Fig. 9A-C) .
Taking the diversity, richness, and redundancy analysis plots into account, there are indications that in WT and Muc2 +/2 mice there is an initial colonization by a more constrained group of bacteria (2 weeks), which reached higher relative abundance in the WT and Muc2 +/2 mice, compared with the Muc2 2/2 mice that are colonized by a more diverse microbial community. During further development of the colonic ecology at 4 and 8 weeks, the microbiota composition becomes more similar among mice with different genotypes, both with respect to diversity and richness, as well as in composition.
Specific Bacterial Clusters Correlate with Altered Gene Expression of Mucosal Responses to Stress and Bacteria, Before Colitis Development
To identify bacteria that might be correlated with early changes in colon gene expression, we focused on the data from week 2, which was before the onset of any histopathology in the Muc2 2/2 mice. Microbiota and transcriptomics data from week 2 were combined for individual mice of all genotypes to investigate direct correlations between gene expression and microbiota composition in these samples. Age and genotype were the major drivers of changes in gene expression and microbial composition (Figs. 6 and 8) , and thus in this analysis, any correlations found between gene expression and microbiota will be the implicit result of variation in genotype. Four bacterial clusters strongly correlated positively (red) or negatively (blue) with 6 clusters of genes (about 100 genes per cluster; Fig. 10 ).
Strongest correlations between microbiota members (orange in the vertical bar) and specific changes in mucosal gene expression (orange and blue in horizontal bar) were detected for Bacteroides plebeius et rel., unclassified Prevotella, Alistipes et rel., Bacteroides fragilis et rel., and B. vulgatus et rel. (Fig. 10) . These bacteria had higher relative abundances (data not shown) in the Muc2 2/2 mice compared with WT and displayed a positive correlation with immune response genes. A positive correlation was also found with stress response genes involved in apoptosis and cell proliferation (Table 2) . Conversely, other microbial groups (pink in the vertical bar) displayed opposite correlations with the same mucosal gene sets, including Pseudomonas et rel., Fusobacterium vibrio et rel., Solobacterium moorei et rel., and Sutterella wadsworthia et rel.
DISCUSSION
Previously, microarray analysis and quantitative polymerase chain reaction of gene transcripts from colon of Muc2 2/2 and FIGURE 10. Heat map of correlation analysis of MITChip (vertical) and transcriptome (horizontal) data sets at week 2. The integration of data sets was performed per individual and gives direct correlation between gene expression and microbiota composition over these samples. The genotypes are the largest driver for differences in gene expression and microbiota composition, which is reflected in the highly correlated clusters in the plot. In deep red, the cluster of genes that most positively correlated with 1 group of bacteria. In deep blue, the cluster of genes that most negatively correlated with a respective group of bacteria. Framed in yellow; the clusters discussed in more detail in the article. Framed in black; the gene clusters 2 and 5 discussed in more detail in the article. Six main gene clusters (1-6) and 4 main bacterial clusters (A-D) were identified. WT mice at 2 and 4 weeks of age revealed distinct phases in colitis development pre and postweaning, which were presumed the result of changes in microbiota diversity and/or density. 5 Here, we extended these comparisons to 8 weeks of age, because the first several days after weaning are known to be characterized by a relatively chaotic pattern of microbial colonization leading toward an adult-like microbiota, and driving transient host-microbiota responses that lead to an adult-microbiota accommodating homeostatic state. 39 As predicted, the largest number of differentially expressed genes in Muc2 2/2 compared with WT mice was found at weaning (1607 genes) and subsequently reduced to 533 genes in week 8. The pathways differentially expressed from week 2 to week 8 in Muc2 2/2 compared with WT mice were diverse immune pathways consistent with immune activation and inflammatory responses in the colonic mucosa. There was also a strong induction of pathways involved in cell death, cell cycle, and mitosis, most likely as a response to the mucosal damage observed by histology. As in other mouse models of colitis a substantial number of the 32 genes known to be upregulated or downregulated in human IBD (Table 1) 13 were differentially expressed in the colon of Muc2 2/2 mice compared with WT mice. 13, 38 The most strongly upregulated genes include genes encoding matrix metalloproteinases, an important family of metal-dependent enzymes that are responsible for the breakdown and reconstitution of extracellular matrix in normal physiological processes, like tissue remodelling, during development, growth and wound repair, and in pathological conditions, including destructive diseases, such as IBD.
In contrast to Muc2 2/2 , the Muc2 +/2 mice did not develop colitis during the 8-week period. However, the colonic mucus layer was significantly thinner in Muc2 +/2 than in WT mice, which was also associated with altered mucosal gene expression. At week 2 and week 8 the affected gene networks in Muc2 +/2 mice were mainly associated with mucosal healing and innate defense including chemotactic functions, although there was transient increase in inflammatory genes (e.g., Tnf and cytokine receptors for IFNg, IL-2) at week 4 resembling the transient inflammatory state observed in colonization studies with germ-free mice. 39 Thus, the Muc2 +/2 genotype seemed to exacerbate the transient inflammatory response to the changing microbial ecology of the colon around weaning. Several of the genes differentially expressed in the Muc2 +/2 mice were IBD-related, for example, the intestinal Reg3 secreted stress proteins and matrix metalloproteinases.
As pathobionts are known to play a role in the pathophysiology IBD, we investigated the impact of the Muc2 genotype on the temporal development of the microbiota at 2, 4, and 8 weeks. Initial colonization of microbiota in WT and Muc2 +/2 mice involved a more constrained group of bacteria as compared with the Muc2 2/2 mice, although during prolonged colonization the microbiota composition became more similar in all mice, but still consistently discriminated the groups of mice according to their genotype. This suggests that Muc2 shapes the microbiota colonizing the colon, especially in the 2 weeks postnatal, preweaning period, although a role of the antimicrobial factors that were more highly expressed in Muc2 2/2 mice compared with WT or Muc2 +/2 mice can also play a role. In the case of the Muc2 +/2 genotype mice, which still produce a mucus layer, the altered microbiota might be due to the mucosal responses identified by transcriptomics.
To identify bacteria that might be correlated with early changes in colon gene expression, we used the linear multivariate method partial least squares method 33 for each time point, as previously described (Lange et al, in revision). Interestingly, these analyses revealed that even at 2 weeks, therefore before the onset of colitis in the Muc2 2/2 mice, B. plebeius et rel., ( Table 2 ). These bacterial groups were more abundant in Muc2 2/2 mice than in WT littermates. An increased relative abundance of Bacteroidetes has been observed in only some animal models of colitis. 40, 41 Nevertheless, B. thetaiotaomicron and B. vulgatus have been demonstrated to induce colitis in experimental rodent models, in which other commensal species do not induce colitis. 25, [42] [43] [44] Nod2 mutations that disrupt bacterial recognition are one of the highest risk factors for CD. Recently, expansion of B. vulgatus, was shown to mediate exacerbated inflammation in Nod2 2/2 mice on small-intestinal injury, providing further evidence for its colitogenic potential in IBD. 45 A subset of intestinal B. fragilis strains produces an exotoxin (Enterotoxigenic B. fragilis strains) associated with diarrheal disease and a number of studies have shown associations of this species with IBD and colorectal cancer. 46 Recently, inflammation was shown to select for modifications of the Bacteroidetes lipopolysaccharide, which increased their resistance to inflammation-associated antimicrobial peptides by 4 orders of magnitude. 47 These findings support the idea that in Muc2 2/2 mice, the innate inflammatory responses driven by increased contact of commensals with the epithelium lead to increased abundance of colitogenic members of the Bacteroidetes phylum, which contribute to the onset of colitis. Models such as Muc2 2/2 mice can be useful to isolate strains from genera correlated with early stages of colitis development and investigate the genetic and molecular basis for their increased abundance and their interactions with the host.
We showed that even a reduction in mucus production (i.e., in Muc2 +/2 mice) altered microbiota composition and diversity and induced mucosal stress response genes in the colon, highlighting the importance of the barrier function of mucus in maintaining intestinal homeostasis. Muc2 +/2 mice therefore represent an interesting model of a compromised barrier function and could be used to investigate the long-term effects on host physiology and other intestinal diseases including colon cancer and infection with pathogenic microbes. In addition, Muc2 +/2 mice could be used to screen for nutritional interventions that might improve barrier function and reduce expression of stress response proteins such as Reg3g and Reg3b.
